Abstract The objective of this study was to evaluate which fusion technique provides the best clinical and radiological outcome for adult lowgrade lumbar isthmic spondylolisthesis, and to assess the overall clinical and radiological outcome of each fusion technique. A systematic review was performed. Medline, Embase, Current Contents, and Cochrane databases as well as reference lists of selected articles were searched. Randomised controlled trials (RCTs) were used to evaluate the best treatment; controlled studies and non-controlled studies were used to determine the outcomes after surgery. Two independent reviewers evaluated the studies with the methodological checklists of van Tulder and Jadad for the randomised studies and of Cowley for the non-randomised studies. The search resulted in 684 references and eventually 29 studies met the inclusion criteria, of which eight were RCTs, four were prospective, and 17 were retrospective case series.
Abstract The objective of this study was to evaluate which fusion technique provides the best clinical and radiological outcome for adult lowgrade lumbar isthmic spondylolisthesis, and to assess the overall clinical and radiological outcome of each fusion technique. A systematic review was performed. Medline, Embase, Current Contents, and Cochrane databases as well as reference lists of selected articles were searched. Randomised controlled trials (RCTs) were used to evaluate the best treatment; controlled studies and non-controlled studies were used to determine the outcomes after surgery. Two independent reviewers evaluated the studies with the methodological checklists of van Tulder and Jadad for the randomised studies and of Cowley for the non-randomised studies. The search resulted in 684 references and eventually 29 studies met the inclusion criteria, of which eight were RCTs, four were prospective, and 17 were retrospective case series. Ten of the case series did not clearly identify consecutive patient selection. All the eight RCTs evaluated the effect of different techniques of posterolateral fusion (PLF). Evidence was found that the PLF was superior to nonoperative treatment (exercise). Circumferential fusion was compared to PLF, but no difference could be found. PLF with or without instrumentation was evaluated in three studies, but no benefits from additional instrumentation were found. Other comparisons within PLF showed no effect of decompression, alternative instrumentation, or bone graft substitute. The 21 case series included 24 patient groups. PLF was used in 15 groups, good or excellent clinical outcome varied from 60 to 98% and fusion rate varied from 81 to 100%. Anterior interbody fusion was used in five groups, good or excellent clinical outcome varied from 85 to 94% and fusion rate varied from 47 to 90%. Posterior interbody fusion was used in two groups, good or excellent clinical outcome was 45% and fusion rate was 80 and 95%, respectively. Reduction, loss of reduction, and lordotic angles before and after the treatment was reported in only four studies. Average reduction achieved was 12.3%, average loss of reduction at follow-up was 5.9%. Preoperative lordotic angles were too heterogeneous to pool the results. Adjacent segment degeneration was not reported in any of the publications. A wide variety of complications were reported in 18 studies and included neurological complications, instrument failure, and infections. Fusion for low-grade isthmic spondylolisthesis has better outcomes than nonoperative treatment. The current study could not identify the best surgical technique (PLF, PLIF, ALIF, instrumentation) to perform
Introduction
Lumbar low-grade isthmic spondylolisthesis in adults (>18 years old) is defined as an osseous discontinuity of the vertebral arch at the isthmus-the pars interarticularis-predominantly occurring in the fifth lumbar vertebra. Histologically, the defect is characterised by ordered fibrous and fibrocartilaginous tissue without evidence of heightened tissue remodelling or bone turnover [38, 46] . The degree of anterior slippage in isthmic spondylolisthesis can be rated using four grades, according to Meyerding [26] , where grades II or lower have slippages of 50% or less. Progression of the disease can occur through hyper-mobility of the affected motion segment causing a more rapid disc degeneration and subsequently listhesis and radiculopathy. In this way, an asymptomatic disc can become symptomatic after decades [10] . Adjacent segments can also become affected through biomechanical alterations [32] .
Several epidemiological studies have revealed that the incidence of symptomatic listhesis in Caucasian populations varies from 4 to 6% [25, 38] , but rises as high as 26% in secluded Eskimo populations [36] and varies from 19 to 69% among first-degree relatives of the affected patients [22] .
Some patients can benefit from conservative treatment including physical therapy, braces, or pain medication. With regard to surgical treatment, there are several different options, among which posterolateral fusion (PLF) is one. The aim of fusion is to reduce the pain by reducing the motion of the segment. Other treatment options include decompression (Gill laminectomy) [12] , supplemental instrumentation, and supplemental anterior column support. Controversies exist about the effectiveness of these treatment options that can be used separately or in any combination [27] .
The theoretical advantages of supplementary pedicle screw fixation are the ability to correct the deformity and to reduce the listhesis. The rigid fixation is expected to give better fusion rates [9] . The disadvantages include the extra costs, a more extensive surgical trauma, and the risk of neurological complications because of misplaced pedicle screws. Besides, it has been speculated that rigid fixation may increase the pseudoarthrosis rate because of stress-shielding or may increase adjacent segment degeneration.
The goal of this study was to determine which fusion technique gives the best clinical and radiological outcome in patients with low-grade lumbar spondylolisthesis. Further, we wanted to answer the following questions:
-What are the fusion rates acquired with the fusion techniques described? -How much correction is obtained with each procedure? -How much correction is lost after reduction of the listhesis? -What are the lordotic angles before and after the treatments? -Does adjacent segment degeneration occur? -What are the complication rates of the techniques described in the studies?
Methods

Search strategy for identification of studies
In order to obtain all the relevant literature, we used a sensitive search in the most common databases of pub- The search strings are given in Table 1 , the strings in the second column were used and connected with 'OR' within the cells and with 'AND' between the cells. The search strategy was adopted for the different databases. We made no restrictions on the basis of language or date. From the articles that were selected, the references were screened.
Selection of studies
Two independent reviewers selected the articles. A consensus was strived for, but when it could not be reached, a third reviewer was consulted. The selection was not done blindly, although, when selecting titles and abstracts, the rest of the information was concealed. The articles were selected on the basis of the title and the abstract with the following criteria:
-The intervention(s) used had to include at least one surgical treatment. 
Methodological quality assessment
Two independent reviewers assessed the methodological quality of the selected articles and again a consensus was strived for, and if necessary, a third reviewer was consulted. The methodological quality was assessed with the aid of a checklist used in systematic literature reviews of spine surgery by van Tulder [42, 43] . As the van Tulder checklist is intended for RCTs, we chose to use the checklist used by Cowley [7] that has three scores for studies classified as RCT, non-RCTs (concurrent and other), and non-controlled studies (cohort, prospective, cross sectional, historical). Items of the van Tulder checklist are given in Table 2 , and the items of the Cowley non-controlled studies checklist are given in Table 3 . The items were scored with a 'yes', 'no', or 'unsure'.
Analysis
The data was extracted by one reviewer and confirmed by a second reviewer. Standard deviation was used when available, or else it was imputed from ranges if available. Evidence on the best treatment available was based on the RCTs found in the search. The anticipated contrasts were: with or without decompression, with or without reduction, anterior versus posterior fusion, non-instrumented fusion versus instrumented fusion. For dichotomous outcomes, the relative risks were calculated. For continuous outcomes, a weighted mean difference (WMD) was calculated. With sufficient data, subgroup analyses were conducted to assess the effects of age, gender, disease severity, and follow-up time on the outcomes. Best evidence synthesis was performed stratified for studies meeting 50% or more as opposed to those meeting less than 50% of the quality criteria on the van Tulder list. Evidence on the effect of the treatments found was based on the non-randomised studies. Best evidence synthesis was performed for studies providing consecutive patient selection and completeness of treatment description.
Results
Search results
The consecutive searches resulted in 481 references in Medline, 71 in Embase, 46 in Current Contents, and 3 in Cochrane; duplicate references were not included. Another 83 were found after screening the reference lists of the selected articles. Thus, a total of 684 titles and abstracts were available for selection.
From title 366, and from abstract 158 references could be excluded as the topic of the article was clearly not relevant for the objective of the review. Two articles could not be traced [3, 13] . One hundred and twentynine references were excluded after reading the complete article because of the following reasons: the type of listhesis was not appropriate or unknown (46) , there were no subgroup results given (35) , the report did not contain (original) data (18) , or there were less than ten patients included (16) . As a result, only 29 articles were included in the review. There were eight prospective RCTs available for the best surgical treatment analysis. Twenty-one observational studies with 24 patient groups were available to give the results for the outcome after surgical treatment. The observational studies included four prospective consecutive studies and 17 retrospective studies, of which 11 used consecutive and 6 non-consecutive patient selection. In fact, three of the observational studies included a control group, but no effort was made to match the study groups at any variable, so these study groups are analysed as separate patient groups. Five studies with seven patient groups fulfilled the criteria of adequate treatment information and consecutive patient selection.
Methodological quality of included studies
The methodological quality of the studies is given in Table 2 (van Tulder score for RCTs) and Table 3 (Cowley score for non-controlled studies). The van Tulder score for the randomised trials varied between 1 and 8 out of 11 possible points, of which four scored six or more points, thus being a 'high quality' study. In the selected articles blinding (surgeon, observer, or patient) was never used with certainty. Three studies had uncertainties regarding the randomisation procedure.
The Cowley score for the five non-controlled studies varied between 5 and 12 out of 17 possible points, of which 2 scored 9 or more points, thus being a 'high quality' study.
The best surgical treatment
All the eight RCTs evaluated the effect of the different techniques of PLF. PLF with or without instrumentation was evaluated in four studies [11, 24, 28, 40] (Table 4) , no benefits from additional instrumentation was found in any of these studies. Meta-analysis was not performed on these four trials as the treatments applied were too heterogeneous: decompression was used in McGuire [24] , it was unclear in France [11] , and mixed in Moller [28] and Thomsen [40] . Also, reduction was not used by McGuire [24] and France [11] and was unclear in Moller [28] and Thomsen [40] . Two studies, those of Moller [28] and Thomsen [40] , were available for the best evidence synthesis. In performing this best evidence synthesis, only fusion rates could be compared, as Thomsen [40] had not reported on the clinical outcomes and complications for the isthmic spondylolisthesis subgroup. Fusion was higher in both the Moller [28] (78 vs 65%) and Thomsen studies (84 vs 73%) for the noninstrumented group when compared to the instrumented group, but the difference was not significant.
Other modifications of PLF were compared in four studies (Table 5 ). These studies showed no effect of [5] , decompression [2] , or bone graft substitute [16] . Further evidence was found that the PLF was superior to exercise alone [29] , but this is a lowquality study.
Outcome after surgical techniques
The 21 non-controlled case series included 24 patient groups. Details of included studies are given in Table 6 (adequately reported studies) and in Table 7 (other studies). PLF was used in 15 groups, good or excellent clinical outcome varied from 60 to 98% and fusion rate varied from 81 to 100%. Anterior interbody fusion was used in five groups, good or excellent clinical outcome varied from 85 to 94% and fusion rate varied from 47 to 90%. Posterior interbody fusion was used in two groups, good or excellent clinical outcome was 45% (only one group reported), and fusion rate was 80 and 95%,respectively. Knight [20] reported 79% good or excellent clinical outcome after posterolateral endoscopic foraminal decompression. Johnson [15] did not specify the treatments used. Reduction, loss of reduction and lordotic angles before and after the treatment was reported in only four studies. There were three studies that reported adequately the preoperative, postoperative, and follow-up percentage of slip and lordotic angles [18, 23, 37] . All the three studies used PLF. The results of these studies are summarised in Table 8 . The average reduction achieved was 12.3%, and the average loss of reduction at follow-up was 5.9%. One study reported that the reduction was maintained at follow-up [35] . It is not sure whether all the procedures intended to reduce the listhesis. Preoperative lordotic angles were too heterogeneous to pool the results.
A wide variety of complications were reported in 18 studies (including the RCTs) and included neurological complications, instrument failure, and infections. For PLF, we counted 64 complications in 545 patients (12%), of which eight were instrumentation failures in 388 patients with instrumented PLF. Davne [8] reported 4.3% screw breakage in a mixed population. For anterior interbody fusion, we counted 19 complications in 120 patients (16%). Thirty-seven patients of the 154 patients (24%) treated with posterior interbody fusion had serious complications. Adjacent segment degeneration was not reported in any of the publications. We did not include the patient numbers where the complications were not split for the subgroups required.
Discussion
Despite a relatively large number of studies available (eight RCTs and five adequate cohorts), we could not determine the best treatment for adult low-grade isthmic spondylolisthesis. PLF was the procedure most studied, but it could not be proven to be superior or inferior to a circumferential fusion. Supplemental decompression, osteogenic protein, or instrumentation could not be shown to be superior, and some results suggest that all the three are in fact inferior to PLF. The intention of the review was to perform a metaanalysis. This was not possible because of the limitations in the reports of the studies and the heterogeneity of the patients and treatments used. The results do The complication rate is highly variable among the studies. From the distribution of the complications, it appears that the threshold for an event to be called a complication differs among the studies. On the whole, the complication rate is lower for the less-invasive procedure PLF than for AIF and PIF.
Radiological outcomes -What are the fusion rates acquired with the fusion techniques described? Fusion rates are generally above 80% for PLF and posterior interbody fusion. Three of the five studies using anterior interbody fusion observed fusion rates of 60% or less, although in a controlled study [19] the results were not found to be different from that of PLF. -How much correction is acquired with the procedure?
From the three studies [18, 23, 37] that reported the preoperative and postoperative degree of the listhesis, it appears that low-grade (<50%) listhesis can be reduced to some extent (12%), but complete reduction is rarely achieved. The cohorts included patients operated until 1993. It is likely that with current instrumentation techniques greater reduction is obtained, but the data to show this is not yet available. -How much correction is lost after reduction of the listhesis? Average loss of reduction at follow-up was Table 7 Results from studies that do not provide adequate information on the treatments undergone and studies without consecutive patient inclusion [18, 23, 37] , which means that about half of the acquired reduction is again lost at follow-up. -What are the lordotic angles before and after the treatments? The interpretation of the acquired lordotic angles is somewhat more problematic because firstly, we have to identify the desired angles after the procedure. And secondly, only two papers [23, 37] address this aspect, and the methods used are not described. There appears to be some change possible, but also recurrent hyper-or hypolordosis can occur. -Is there adjacent segment degeneration? Although a recent literature review [32] especially identified the use of pedicle screws in lumbar fusion to be associated with adjacent segment disease, this question could not be addressed in this review as there was no mention of adjacent segment degeneration in any of the publications. It may be that the rate of adjacent segment degeneration is lower than in patient cohorts treated for discogenic low-back pain, as the disc degeneration in the spondylolisthesis patients is not the primary pathology.
Methodological remarks and limitations of the study
The present study was aimed solely at identifying published peer-reviewed literature, so that publication bias cannot be entirely ruled out. Our search was intended to be sensitive by defining broad search criteria and not permitting limitations. Also, we screened the reference lists of the selected articles to minimise publication bias. The criteria for the diagnoses allowed are relatively narrow with the intention to produce a homogeneous patient group. As a result, we have excluded studies that did not provide adequate description of the patient population. This might have introduced selection bias as studies with the required patient sample may have been excluded because of insufficient description of the diagnoses in the article. For the best treatment available, only RCTs were used. Some studies with control groups were identified, but these could not be used as controlled trials as there was no mention of any attempt to match the patient groups. Consecutive patient selection or sufficient information about the treatments undergone was no selection criteria as the randomisation process maintains an equal distribution among the groups whatever the criteria have been.
For the outcome after the surgical treatment, we only used non-randomised studies. We did not include the results from the RCTs in this analysis as the rigorous selection criteria usually applied in the RCTs produce selection bias in the results. Therefore, RCTs do not allow for a valid assessment of treatment outcomes in general, but are only useful to identify the best treatment. A weak point about the non-controlled studies is that, although they can mention consecutive patient selection, they usually include patients indicated for a certain treatment ('consecutive treatment selection'). When there are multiple treatment options available, there has been a preceding selection process allocating patients to treatments according to their diagnosis. Ideally, all patients with a certain diagnosis should be included. A critical note, therefore, can be made by this present study that these consecutive treatment series were allowed, allowing the possibility for selection bias in assessing the outcome after surgical treatments.
Conclusions
Implications for practice
Posterolateral fusion appears to be the general gold standard for the treatment of adult isthmic low-grade lumbar spondylolisthesis, although there is no scientific evidence to support this choice. Further, only one randomised trial has shown superior results for PLF as compared to conservative treatment (exercises). The use of PLF or surgery for that matter as a gold standard is thus not supported by rigorous scientific evidence. Supplemental to PLF, there is still no evidence to support the use of posterior instrumentation as clinical and radiological outcomes are not better and complication rates are higher. Decompression has not proven to be necessary (and may be detrimental [2] ), but may be used in the clinical setting in case of nerve root pain. However, nerve root pain may also be caused by a dynamic stenosis due to instability. This is addressed by fusing the motion segment , and this may already be sufficient to treat the nerve root pain without decompression.
The role of sagittal alignment and the related possible benefits of reduction (and therefore also instrumentation) of the listhesis have not been adequately studied. This is immensely important, as these factors may be confounding variables that have made it impossible for us to determine the optimum surgical treatment strategy, and they may well influence the long-term outcome.
Despite the unproven effect of instrumentation, reduction, or anterior column support, many surgeons now use these modalities. This may be unscientific, but it may well be based on the surgeons' empirical experience. This implies that due to improved surgical possibilities, we may in the future be able to show beneficial effects. The challenge for us, as the spine surgical community, is to prove this.
Implications for research
Based on this study, we recommend that the following RCT be conducted comparing the following three surgical interventions:
1. Un-instrumented PLF without reduction (control group) 2. Reduction with modern instrumented PLF 3. Reduction with modern instrumented PLF with anterior column support.
The report of the trial should adequately describe patient characteristics, treatments applied, and outcome parameters used.
As new studies arise and new techniques are reported upon, the evidence changes and should be evaluated. We have set the goal to update this review every 2 years.
